Summary. A method for the determination of lunar and solar daily components of earthquakes is proposed. Its application to the most intense earthquakes with epicentres in Italy (from 1900 to 1983) provides for the first time large and significant lunar and solar tidal terms. The absence of significant results from the analysis of 91 57 world-wide large shocks processed according to the proposed method and to routine spherical harmonic techniques indicates that the Italian earthquakes are locally tidally triggered.
Introduction
Several people have previously suggested that if any outside influence can trigger earthquakeprone regions into activity then solar and lunar tides ought to do the trick. The prevalence of night-time earthquakes relative to day-time earthquakes was noted many years ago (Cancani 1901 ; Eredia 1908) . Several books and papers, mostly of some age, have discussed this topic and provided references to earlier works (Gutenberg '& Richter 1954) . Later Shimshoni (I 971) presented results showing that more earthquakes occurred during the night than during the day, suggesting that the Sun has a seismic effect. Davies (1972) and Flinn, Blandford & Mack (1972) showed that such a diurnal variation could had been ascribed to the diurnal network dependence of detection capability. Knopoff & Gardner (1972) repeated Shimshoni's analysis applied to catalogue samples, which were restricted in number because of the exclusion of (1) events of magnitude below the threshold of magnitude of reliability; (2) cultural noise; (3) aftershocks. Their findings show the absence of diurnal terms.
Researches for the correlation of the times at which large world-wide earthquakes occur with the obvious periodicities have proved to be unprofitable (Knopoff 1975; Van Ruymbeke, Ducarme & de Becker 1983) . Klein (1976) has shown that there is a significant tendency of some local earthquakes to occur at the time on which the daily tidal influences are so aligned as to provide maximum enhancement of the stresses associated with the plate tectonics. Heaton (1 975) has shown that some shallow dip-slip world-wide earthquakes appear to be correlated with the tidally generated diurnal shearing stresses. Earthquakes with magnitudes > 3 are more likely to be triggered by tides than small events (Heaton 1975) .
Later Heaton (1983) analysed the tidal stress tensor at the times of moderate to large earthquakes and failed to confirm his earlier hypothesis. Kilston & Knopoff (1983) have investigated the correlation of very large Californian earthquakes with directional tidal stresses, as well as with solar periodicities. They found surprising correlation of large earthquakes with the rising and setting of the Sun but not with the rising and setting of the Moon. Their results can hardly be considered to have a statistical significance because they examined only 13 shocks (mag> 6). Lunar and solar tidal components in earthquake occurrences have therefore never yet been definitely and significantly determined.
The reasons for this failure are: (1) the large masking influence of both the numerous aftershocks and the solar diurnal cycle due to the daily variation of the network detection capability; (2) incomplete or insufficient data and (3) the unavailability of statistical methods that allow the determination of tidal terms from randomly distributed poor data.
This paper suggests the use of the well-tested Chapman-Miller method and provides an adjusted version.
Method and analysis
At present the method generally used to determine the lunar daily variation L in geophysical data is due to Chapman & Miller (1940) , who described it in conjunction with the mathematical theory. Further improvements of the method are described by Malin (1973) . Malin & Chapman (1970) have written an account of the Chapman-Miller method in a simple and non-mathematical form as is compatible with rigour. Palumbo & Mazzarella (1980) provided further refinements of the method. Cecere, Mazzarella & Palumbo (1981) have written a suitable computer program. Recently, other possible techniques are being used increasingly, such as discrete Fourier transformation following the Cooley-Tukey algorithm (Black 1970) , power spectrum analysis (Gupta & Chapman 1969) , the maximum entropy method (Currie 1975) and the least squares analysis (Larsen 1968) . However, for the study of coherent variations of known periods, such as L , the Chapman-Miller method is more direct and economical in computer time than such techniques. In addition it offers more freedom in data selection, and completely removes the effect of the solar diurnal variation S and of non-cyclic change. Since the standard techniques of spectrum analysis can only be applied to data that are free of gaps, they are not suitable for a random data set such as earthquakes. Schlapp (1977) investigated all the current techniques and concluded that 'in spite of the advent with electronic computers of powerful new techniques such as spectral analysis it is my personal opinion that the tried and tested grouping method developed by giants of geophysics, Chapman and Bartels still serve best as precision tools for the investigation of details of atmospheric and geomagnetic tides'.
A suitable modification of the Chapman-Miller method has been applied to 16 309 earthquakes with epicentres in Italy and neighbouring area (from 1900 to 1979) recorded in the catalogue of earthquakes in Italy (ENEL 1980) . In order to group the number of shocks according to the position of the Sun and the Moon, a square matrix (24 x 24) was formed. The 24 columns correspond to 24 solar local mean hourly intervals; the 24 rows correspond to an index v which is a measure of the phase of the Moon at 12 hr. UT. v increases from 0 (at one new Moon) to 24 (at the next new Moon). The shocks were then entered and summed in the above-mentioned matrix, according both to the local solar time of the earthquake and to the lunar index v relative to the date of the shocks.
This matrix was then analysed by Chapman-Miller routines. The longitude of the epicentres was assumed to be 15"E, i.e. the meridian of reckoning time. 
Lunar components in Italian earthquakes
The lunar L and solar S daily variations will be represented here by:
where v is a measure of the phase of the Moon, increasing from 0 hr at one new Moon to 24 hr at the next (v = t -7); I , and s, are the amplitudes, A,, a, are the phase angles, t and T denote mean lunar and mean solar time respectively, increasing from 0 to 2n from one lower transit to the next.
Since the time occurs in the argument of a trigonometrical function, it should be considered as an angular measure with 1 hr corresponding to 15' or %7r rad. The vector probable error (vpe) for each determination was obtained according to Malin & Chapman (1970) . It provides the scattering of individual harmonics of L (and S) from the total mean; a determination is significantly different from 0 at the 0.05 level when the amplitude is 2.08 times its probable error.
n = l 3 Italian earthquakes
In Table 1 the amplitudes denote the percentage of the computed daily solar and lunar amplitudes with respect to the mean hourly value of earthquakes. The analysis of all 16 309 data also provided solar diurnal harmonics. Since they may be ascribed to the diurnal cycles of the network detection capability we will ignore them here.
The solar S2 and lunar L 2 semidiurnal terms were not significantly obtained from groups In order to eliminate from the data all the shocks due to cultural noises and all the aftershocks, following Knopoff & Gardner (1969) , a subcatalogue of only 162 events was obtained. The threshold magnitude of reliability was found to be 4.75. The analysis of these data provided solar and lunar semidiurnal terms at a level of significance higher than 0.05, with amplitude and phase angles comparable in each group of data.
7he ratio between the significant determinations Z2/s2 = 1.5 is in reasonable agreement with the theoretical value (2.2) predicted by the tide-producing potential one.
Both the amplitudes 1, and their significance level increase when the shocks with focal depth fd > 50 km are excluded from the analysis, in spite of the smaller number of data of the latter. This indicates that the shallow shocks are more likely to be triggered by tides than the deep events. The prevalence of shocks examined are shallow earthquakes (Table 1) . Table 2 provides (in per cent) the lunar and solar bihourly departures of the number of shocks with mag > 5 with respect to the mean bihourly values.
Such results are in fair agreement with the corresponding preceding spectral determinations for mag > 5.0.
The lunar (solar) time of maximum occurrence, T , , , (tmax), of shocks (mean for the two groups) is 4 hr (6.4 hr). In order to investigate the origin of the tidal correlations found for the Italian earthquakes, 9157 world-wide shocks obtained from all the 24 NOAA-kDIS (1 983) earthquakes data files not overlapping were then analysed, after all the aftershocks and cultural noises had been removed, for single small areas according to the above-mentioned method and routine spherical harmonic techniques.
No significant results were obtained. l l s t o n & Knopoff (1 983) suggested correlations of large earthquakes with the directional tidal stresses, tending to produce faulting. Thus the correlations of earthquakes with tides may be expected to be absent for a world-wide sample since the combination of faulting directions and fault orientation are obviously random.
The absence of significant determinations in the world-wide data here examined, and the presence of significant results obtained from the Italian shocks would suggest a local triggering effect for the latter. The data will thus be re-analysed on a local basis.
Appennine earthquakes
It is worth noting that all the focal depth reported in the catalogue, especially the earlier ones, are not precise owing to the insufficient number of monitoring stations. A more accurate estimate has provided here for values 2-3 times lower than those reported in the catalogue. Almost all the shocks are shallow. The only place where intermediate focus earthquakes have been found are in the Thyrrenian Sea. These shocks, together with those with magnitudes lower than 5 and all the aftershocks, have been ruled out. The remaining data have been divided into two separate groups: one for northern ltaly (including the Alps); the other along the Appennine chain and analysed as above.
No significant results were obtained for the Alpine group whereas tidal terms have been obtained at a significance level higher than 0.05 for the Appennine shocks.
The Appennine chain extends in a direction that is roughly NW-SE from meridian 44.5"N to meridian 39.5"N; it turns south-westward in the southern part of Calabria. When the shocks with epicentres in this southern area were eliminated, both the amplitudes and the significance level of the tidal M , term increased, in spite of the poorer number of data. Table 3 shows the lunar and solar hourly distribution of the E-W component of the tidal acceleration T (in microgal) and the number of shocks (in per cent) together with the M2 tidal term obtained at a high significance level.
Since a triggering effect is expected when the tidal stresses are maximized a correlation is not expected from a sine wave. Thus confining the analysis to the values of T and s around the hours when T is highest (i.e. about 3 lunar hr), one can observe from the hourly sequences of Table 3 that the peak in the number of shocks take place at 3 lunar hr.
The absence of tidal terms in the Alpine and in the southern Calabrian areas indicated that the triggering effect was located along the Appennine chain. Both from the spectral determination of the M2 term and from the lunar hourly distribution of the shocks it appears at a peak at about 3 local lunar hr, i.e. when the E-W extensional tidal stresses are maximized. Assuming the major Appenninic faults to be right-lateral strike-slip, the observed tidal terms in the number of shocks may be related to the extensional tidal stresses in the E-W direction that unload the normal stresses and increase the shear stress that tends to produce faulting. It is worth noting that the oceanic tides in the Mediterranean Sea are too small to have a significant effect on stresses that could trigger shallow shocks.
Appennine foreshocks
The foreshocks of the main earthquakes of the above Appennine subcatalogue were collected from the original catalogue, searching for events with mag > 2.5 (obviously not aftershocks) that occurred 50 km around the epicentres of the mainshocks during a time interval of one year earlier than the latter.
The spectral determination provided the following M2 tidal term at a significance level higher than 0.05: amplitude 65 per cent; vpe 28 per cent; phase angle 219". The phase shift of about 2 h r between the lunar tidal excitation and the maximum occurrence in the foreshocks is within the incertitude of the determination.
The lunar bihourly distribution of the number of foreshocks (shifted 2 hr) and the corresponding values of Tare: 
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Conclusion
The present significant results show that Italian earthquakes with magnitudes higher than 5 (almost shallows) are more likely to be triggered by tides than the small events, in agreement with Heaton (1975) . The lack of significant results for the world-wide data and for the Alpine areas suggested a local triggering effect. This was located along the Appennine chain. Both the Appennine main shallow earthquakes and their foreshocks were found to be significantly more frequent when the E-W extensional tidal stresses are maximized.
The significant tidal terms obtained from poor data support the utility of the proposed method in the search both of lunar and solar diurnal terms and of their level of significance. The present results have practical interest since when the lunar and solar triggering effects are concurrent. the diurnal variation in the occurrence of the most intense shocks is larger than the mean hourly value.
The triggering effect found in the Appennine foreshocks may contribute to the time prediction of the main earthquakes: since if a foreshock is found to be triggered by the small tidal excitation than the area is unstable and the following mainshock is also likely to be triggered by tidal effects.
